Abstract: The lipid class and fatty acid composition of a little-known and rarely collected alga Exophyllum wentii from Bali Island, Indonesia were determined for fresh and frozen-thawed samples using thin-layer chromatography, gas-liquid chromatography, and high-performance liquid chromatography. Glycoglycerolipids, which mainly consisted of mongalactosyldiacylglycerols (MGDG) and digalactosyldiacylglycerols (DGDG), were the predominant lipid components, accounting for 67% and 56% of the total polar lipid content in the fresh and frozen-thawed samples, respectively. Phospholipids, including phosphatidylcholines (PC) and phosphatidylglycerols (PG), were detected with lesser amounts in both samples (16 -17% of the total polar lipid content). Free fatty acids (FFA), sterols and triacylglycerols (TAG) were also detected in minor quantities; however, the FFA content in the frozen-thawed sample increased to up to 20% of the total lipid content, suggesting that hydrolysis of the membrane lipids had occurred. A crude enzyme preparation from the alga showed activities for hydrolyzing the acyl groups of the phospholipids and glycoglycerolipids. Palmitic acid (16:0) and arachidonic acid (20:4n-6) were the major fatty acids in both the total lipid and in individual polar lipid classes as well as the dominant fatty acids released from the membrane lipids by enzymatic hydrolysis. The high level of 20:4n-6 (29%) in the total lipid and the presence of considerable amounts of PC (11% of the total polar lipid) and PG (6.2%) support classification of E. wentii into the Division Rhodophyta.
INTRODUCTION
The genus Exophyllum was established by Weber-van Bosse 1) based on materials collected from the Phillipines and Indonesia. It is a rarely collected, little-known genus and was considered of uncertain taxonomic position until the study of Silva et al. 2) . It currently consists of a single species, Exophyllum wentii Weber-van Bosse 1, 3) , only known from few sporadic collections worldwide 4) . Initially E. wentii was tentatively placed in Rhodymeniaceae based on tetrasporangial plants alone 3, 4) . However, recently fertile female and male gametophytes were discovered on Bali Island, Indonesia, and new morphological reproductive information confirmed its placement into the genus Exophyllum within Rhodomelaceae 5) . The lipid profiles of some algae, especially the red algae of the Gracilaria genus, are used to differentiate among the species based on the levels of C 20 polyunsaturated fatty acids, namely arachidonic acid (20:4n-6) and eicosapentaenoic acid (20:5n-3) 6) . Screening of marine macrophytes revealed that the composition of their polar lipids primarily reflects the taxonomic position of marine macrophytic algae 7) . The fatty acid composition of red, brown and green macrophytes, which belong to different taxonomic classes, orders or families and genera, has distinguishing features of value in taxonomic classification.
In this study, we investigated the lipid class and the fatty acid composition of E. wentii, which have not yet been clarified, to provide additional information for the taxonomic classification of the alga. Another objective of this study was to assess the changes in lipid composition that occur during frozen storage and thawing, practices which are widely employed in food preservation and utilization. For this purpose, the activity of lipid acyl-hydrolase, which is responsible for the change in lipid composition of algae, was measured. Degradation of lipids by acyl-hydrolase was recently examined in the brown alga Cladosiphon okamuranus 8) , the red algae Gracilaria vermiculophylla 9) and G. chilensis 10) , the marine diatom Thalassiosira rotula 11) and the red tide flagellate Chattonella marina 12) , and was found to be responsible for reduced amounts of polar lipids and the production of free fatty acids (FFA).
MATERIALS AND METHODS

1
High-performance liquid chromatography (HPLC)-grade solvents, acetonitrile and 2-propanol, were obtained from Kanto Chemicals (Tokyo, Japan). Silica gel 60 (70-230 mesh) for column chromatography, silica gel 60 F 254 aluminum sheets for analytical thin layer chromatography (TLC) and silica gel 60 F 254 plates for preparative TLC (20 20 cm, 0.25-mm thick) were obtained from Merck (Darmstadt, Germany). 9-Anthryldiazomethane (ADAM) was a product of Funakoshi (Tokyo, Japan). Nonadecanoic aicd (19:0) and 1-oleoyl-2-palmitoyl-sn-glycero-3-phosphocholine were obtained from Sigma (St. Louis, MO, USA). Standard samples of monogalactosyldiacylglycerols (MGDG), digalactosyldiacylglycerols (DGDG) and sulphoquinovosyldiacylglycerols (SQDG) from plant leaves were obtained from Lipid Products (Redhill, United Kingdom). All other chemicals and solvents were of reagent grade or better quality and were obtained from Wako Pure Chemicals (Osaka, Japan).
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The alga Exophyllum wentii was collected in the subtidal zone from depths of 7-20 m at Padang Bai Bali Island, Indonesia on November 2005. The alga was shipped under cold conditions to Hakodate, Japan (trip duration of approximately one day). A portion of the alga sample was kept frozen at -30 for 7 days and then thawed at 20 for 3 h.
3
Each E. wentii sample was cut finely (3-5 mm) and homogenized for 5 min at room temperature. Lipids were extracted by soaking the homogenate overnight in chloroform/methanol/water (1:1:0.5, by vol). After filtration, the solvent was removed at 25 under reduced pressure using a rotary evaporator, and then the residual lipids were made up to a known concentration with chloroform/methanol (2:1, v/v) and stored at -30 until use.
4
Lipid class analysis was done using an Iatroscan TH-10 TLC-FID analyzer (Iatron, Tokyo, Japan) equipped with a Chromatopac C-R6A integrator (Shimadzu, Kyoto, Japan). An aliquot (1 mg/mL dissolved in chloroform) of the total lipid was applied in triplicate to silica gel Chromarod S-III. The solvent system used was: (I) hexane/diethyl ether/formic acid (80:20:0.5, by vol, 30 min) for resolving hydrocarbons, triacylglycerols (TAG), FFA, sterols and polar lipids, (II) acetone (100%, 7 min) and chloroform/acetone/formic acid (99:1:0.5, by vol, 35 min) for MGDG, DGDG and SQDG, and (III) chloroform/methanol/ammonium hydroxide (50:50:5, by vol, 35 min) for phophatidylglycerols (PG) and phophatidylcholines (PC) 13) .
5
For isolation of polar lipids, the total lipid was subjected to TLC using a solvent system of hexane/ethyl acetate/ methanol/water (20:25:10:1, by vol) for resolving MGDG, and chloroform/acetone/methanol/acetic acid/water (10:4:2:2:1, by vol) for DGDG, SQDG, PG and PC 14) . After developing, the TLC plates were sprayed with 0. 
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Lipids were converted to methyl esters by heating at 95 for 1 h in 5% HCl/methanol 15) . Analysis of the fatty acid methyl esters was carried out using a Shimadzu GC-14A gas chromatograph (Shimadzu) equipped with an Omegawax 320 column (30 m 0.32 mm i.d., Supelco, PA, USA). Helium was used as the carrier gas at a constant flow rate of 1 mL/min. The split ratio was 1:50. The column temperature was maintained at 160 for 17 min and then elevated to 230 at 5 /min and maintained for a further 30 min. The injector and flame-ionization detector (FID) temperatures were set at 240 . Peaks were monitored on a Chromatopac C-R6A integrator and identified by comparing the retention data of some authentic standards and the known fatty acids from marine algae 16) .
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The frozen E. wentii sample (150 g) was cut into small pieces (3-5 mm length), lyophilized and milled to obtain fine powder. Lipids were extracted by stirring in cold acetone (-30 , 500 mL) overnight with occasional shaking. The homogenate was then filtered to remove the solvent, and the residue was dried under a reduced pressure to obtain acetone powder, which was stored at -30 until use.
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Glycoglycerolipids (MGDG, DGDG, and SQDG) and phospholipids (PG and PC) were separated from the total lipids of parsley and spinach leaves, respectively, by silica gel column chromatography and preparative TLC 14) . Briefly, the total lipid samples (250 mg) were applied to the column which facilitated further purification by TLC. The lipid classes were separated into three fractions by sequential elution with chloroform, methanol, and water: 1000 mL of chloroform (I), 300 mL of chloroform/methanol (9:1, v/v) (II), and 300 mL of chloroform/methanol/water (65:25:4 by vol) (III). MGDG was isolated from Fraction II and DGDG, SQDG, PG, and PC were isolated from Fraction III by TLC as described earlier. These purified substrates were dissolved in chloroform/methanol (2:1, v/v) to a concentration of 2.5 mg/mL and stored at -30 until use.
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The acetone powder (300 mg) was solubilized in 15 mL of 50 mM phosphate buffer (pH 7.0) containing 0.1% Triton X-100 at 20 for 1 h to yield a crude extract. The suspension was centrifuged at 3,500 rpm for 5 min, and the resulting supernatant was used for the assay of lipid acyl-hydrolase activity and enzymatic production of FFA from E. wentii. For the assay of lipid acyl-hydrolase activity, the enzyme solution (1 mL) was incubated with lipid substrates (MGDG, DGDG and PC, each 0.1 mg) isolated from spinach leaves for 3 h at different temperatures (5, 15, 25, 37 and 50 ) , and for the enzymatic production of FFA from glycoglycerolipids, the enzyme solution (2 mL) was incubated with lipid substrates (MGDG and PC, each 0.2 mg) isolated from E. wentii. The reaction was stopped by adding methanol (100 mL) containing 20 mg of 19:0 as an internal standard. The FFA obtained (FFA total ) were labeled with ADAM, and the resulting 9-anthrylmethyl esters were separated by reversed-phase HPLC on an ODS column (Superspher RP18e, 250 4 mm i.d., Merck). The running solvent (0.5 mL/min) was 100% acetonitrile maintained for 15 min, followed by a linear gradient to 50:50 (v/v) of acetonitrile/2-propanol for 20 min and maintained for another 10 min until the end of the run, as previously described 8, 12) . The FFA was quantified by monitoring with a fluorescence detector (Waters 474, Waters, Milford, MA, USA). The excitation and emission wavelengths were set at 365 nm and 412 nm, respectively. Blank activity (FFA blank ) was measured in the absence of substrate. The FFA production and the enzyme activity were calculated as follows: 
RESULTS AND DISCUSSION
1
The lipid class composition of E. wentii is presented in . In both fresh and frozen-thawed samples, the predominant components were polar lipids (94.7 and 74.5%, respectively), which consisted of glycoglycerolipids (MGDG, DGDG and SQDG) and phospholipids (PG and PC). The glycoglycerolipid content, which was higher than the phospholipid content, reached 67% and 56% of the total polar lipid content in the fresh and frozen-thawed samples, respectively. FFA, TAG, and sterols were minor components in the fresh sample; however, the FFA level remarkably increased in the frozen-thawed sample (19.4%), suggesting that the hydrolysis of polar lipids occurred during frozen storage and thawing. These results are similar to the known lipid class compositions of the red alga, Gracilaria vermiculophylla (Illijas, M.I.; Itabashi, Y.; Terasaki, M.; Yasui, H.; Fusetani, N., unpublished data), and the diatoms, Pseudo-nitzschia multiseries and P. pungens, where the increase in the FFA level was due to enzymatic deacylation of polar lipids 17) . Injury to the tissue during preparation of the samples, for example during lipid extraction, freezing and thawing might activate the lipolytic acyl-hydrolase, specifically phospholipase and galactoli- pase, which could hydrolyze the phospholipids and glycoglycerolipids, respectively, to produce FFA. These phenomena were also observed in the marine diatom Thalassiosira rotula 11, 18) , the red alga G. chilensis 10) , and in higher plants 19) where the wounding of the cells activated phospholipase and galactolipase to produce FFA as a substrate for oxylipin biosynthesis.
Glycoglycerolipids are the major structural components of the chloroplast membrane, and they are always abundant among algal lipids 20) . Although phospholipids are lesser components, their distribution in algae is more interesting for chemotaxonomic purposes. Khotimchenko et al. 7) investigated the polar lipid composition of 49 species of marine macrophytic algae including Rhodophyta (red algae), Phaeophyta (brown algae) and Chlorophyta (green algae), and demonstrated that each division of seaweeds and each class of Phaeophyta and Chlorophyta had distinctive peculiarities in the composition of their phospholipids and other polar lipids. In the paper, they also demonstrated that Rhodophyta were the richest in PC, with a lesser amount of PG, and contained an unusual unsaponifiable phospholipid X 1 (a sphingophosphoinositol). These characteristic features of algal phospholipids support the classification of E. wentii under the Division Rhodophyta, although the inositol phospholipid X 1 concentration was not determined ( ). In the case of E. wentii, the PC content (10 -11% of the total polar lipid) was found to be higher than the PG content (6%). A similar observation is also seen in some species of Gracilaria (Rhodophyta) 21) .
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gives the fatty acid compositions of individual lipid classes in the fresh E. wentii sample. The 16:0 and 20:4n-6 acids were the major constituents of both the total lipid and of the individual polar lipids of the alga, except for SQDG and PG. In the total lipid, the contents of 16:0 and 20:4n-6 were 40.8 and 29.2%, respectively, while in the polar lipids, they were found at different levels. The highest contents of 16:0 and 20:4n-6 were seen in PG (72.3%) and PC (53.6%), respectively. In the glycoglycerolipids, the highest content of 20:4n-6 was in MGDG (26.4%), which was the same as the level of 16:0 (26.9%).
A high content of polyunsaturated fatty acids (20:4n-6 and 20:5n-3) is often seen in red and brown algae. In the red alga Gracilaria verrucosa, the level of 20:4n-6 in the total lipid is sometimes over 50% 16, 21) , while in the same genus, G. gigas, the content of 20:4n-6 (12%) is lower than that of 20:5n-3 (38%) 21) . A higher content of 20:5n-3 than 20:4n-6 in the total lipid is also observed in some species of the orders Gracilariales, Gelidiales, Palmariales, Gigartinales, Acrochaetiales, Rhodymeniales, Ceramiales, and Corallinales [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . In brown algae, on the other hand, the contents of the polyunsaturated fatty acids are generally lower than those of red algae, and their 20:4n-6 content in total lipid is always less than 20% [27] [28] [29] [30] [31] [32] [33] [34] . For example, twenty species of brown algae collected from the Russian Far East coast contain 20:4n-6 and 20:5n-3 in amounts ranging from 6.6 -15.8% and 1.9 -19.4% of total fatty acids, respectively 32) . Although the brown alga Egregia menziesii collected in different seasons from the Northeastern Pacific Ocean contains significant amounts of polyunsaturated fatty acids, the 20:4n-6 level is 15 -20% of the total lipid 31) . From these observations, the high content of 20:4n-6 (29%) in the total lipid of E. wentii examined in this study suggests that this little-known and rarely collected alga is more similar to the red algal species than to the brown algae.
Of the three glycoglycerolipids (MGDG, DGDG and SQDG), MGDG of E. wentii contained the highest level of polyunsaturated fatty acids, while DGDG and SGDG contained more saturated fatty acids than MGDG. In the two phospholipids, PC contained a higher level of polyunsaturated fatty acids than PG, which was abundant in saturated fatty acids. In most of the red algae, MGDG and PC are rich in polyunsaturated fatty acids, especially 20:4n-6 and 20:5n-3 20, 21, 27, 34) . The 20:4n-6 acid plays an important role in biological processes for the formation of chemical defense in the marine diatom Thalassiosira rotula 11, 18) and in the red alga G. chilensis 10) and as a substrate for the formation of prostaglandins and aldehydes in the red alga G. verrucosa 35) and in the brown alga Laminaria angustata 36) . The FFA composition of E. wentii shows that 16:0 (32.8%) and 20:4n-6 (30.0%) are the predominant fatty acids ( ). Considerable amounts of monounsaturated (18:1n-9 and 18:1n-7) and polyunsaturated (20:5n-3) fatty acids were also contained in the FFA. Free 16:0 and 20:4n-6 fatty acids were also detected as dominant components in G. vermiculophylla after frozen storage and thawing, suggesting that disruption of the cells of the alga stimulated the production of FFA containing polyunsaturated fatty acids (Illijas, M.I.; Itabashi, Y.; Terasaki, M.; Yasui, H.; Fusetani, N., unpublished results). In red algae and higher plants, wounding of the cells causes significant amounts of polyunsaturated fatty acids to be released from the membrane lipids 18, 37, 38) .
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In terms of enzymatic hydrolysis of the major polar lipids (MGDG, DGDG, and PC), it was observed that the hydrolysis of PC was higher than that of MGDG and DGDG ( ). In contrast, the deacylation of MGDG in potato tubers was more rapid than that of PC 19) . In this study, lipid acyl-hydrolase was active over a broad range of temperatures. The hydrolysis of PC occurred at temperatures in the range of 5 to 60 , while MGDG and DGDG were hydrolyzed in the 15 to 50 region. The enzyme activity toward PC was the highest at 50 (1063 pmol/mg/h), while that toward MGDG and DGDG was highest from 37
The fresh alga sample was used to obtain these data. Values are mean SD (n= 3). tr: Trace (<0.05 %). nd: Not detected. to 50 . Furthermore, even at 60 the enzyme showed considerable activity (732.2 pmol/mg/h) toward PC, whereas it was inactive toward MGDG and DGDG at this temperature. The optimal temperature for enzymatic hydrolysis of MGDG has been reported to be 37 in the red alga G. vermiculophylla 9) , the red tide alga Chattonella marina 12) , and the brown alga Cladosiphon okamuranus 8) , while the optimal temperatures of glycoglycerolipid hydrolysis in cowpea and spinach leaves are 50 and 35 , respectively 39, 40) .
To confirm the release of fatty acids via enzymatic hydrolysis of membrane lipids, MGDG and PC, which are representative glycoglycerolipids and phospholipids of the alga, were used as substrates for the enzyme reaction. The major fatty acids released from MGDG and PC were 16:0, 18:1 and 20:4n-6 ( ). Palmitoleic acid (16:1n-9) was also released, but at a lower level. High quantities of 16:0 (35.4 mmol/mg), 18:1 (25.4 mmol/mg) and 20:4n-6 (42.1 mmol/mg) were released from MGDG, while the hydrolysis of PC released a high level of 16:0 (44.9 mmol/mg) and a considerable amount of 20:4n-6 (9.6 mmol/mg). These results demonstrated that enzymatic hydrolysis of glycoglycerolipids produced more polyunsaturated fatty acids than saturated fatty acids, while enzymatic hydrolysis of phospholipids produced more saturated fatty acids than polyunsaturated fatty acids. In food materials, a high level of polyunsaturated fatty acids, which could be rapidly oxidized and form various peroxides, is one of the factors responsible for the deterioration of food. The resulting peroxides are then decomposed to various aldehydes, ketones and alcohols by specific enzymes and chemical reactions to cause an off-flavor in food. Thus, this study suggests that the frozen storage and thawing of E. wentii is not desirable to obtain precise lipid class composition.
CONCLUSIONS
The present study focused on the lipid class and fatty acid compositions as introductory information for further study on the lipid profile of E. wentii. As is common for algae, the lipids of E. wentii consisted of glycoglycerolipids (MGDG and DGDG), which are the major components of the chloroplastic membrane, and phospholipids (PC and PG). A high content of 20:4n-6 (a typical fatty acid of red algae) and the presence of PC and PG in considerable amounts support that the classification of E. wentii under the Division Rhodophyta. A crude enzyme preparation from the alga showed high hydrolytic activities toward PC, MGDG and DGDG, supporting an increase in the FFA level during frozen storage and thawing. The major fatty acids released from the MGDG and PC by enzymatic hydrolysis were 16:0 and 20:4n-6. Since information about E. wentii is scarce, further analyses on many aspects are needed to exploit the potential of this alga as a source of food and industrial materials. The crude enzyme solution (1 mL), containing 50 mM phosphate buffer (pH 7.0) and 0.1% Triton X-100, was incubated with MGDG, DGDG and PC (each 0.1 mg) as substrates at 37 for 3 h. The crude enzyme solution (1 mL), containing 50 mM phosphate buffer (pH 7.0) and 0.1% Triton X-100, was incubated with MGDG and PC (each 0.1 mg) as substrates at 37 for 3 h.
